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Introduction {#sec001}
============

Cotton (*Gossypium hirsutum* L.) is a cash crop, globally cultivated for its good quality fiber and oil under a wide range of environmental conditions. Globally, cotton was produced on 33.1 million hectares, which produced 136 million bales during 2019 \[[@pone.0231805.ref001]\]. Pakistan occupies 4^th^ position in terms of production and consumption and ranked 3^rd^ ranked in the world in terms of cotton export \[[@pone.0231805.ref002]\]. Stagnant yield (752 kg ha^-1^) and poor fiber quality are the main problems being faced by Pakistani farmers, recently \[[@pone.0231805.ref003]\]. High temperature, drought, salinity and poor and adulterated seed supply are the main reasons for low production and fiber quality in the country \[[@pone.0231805.ref004]\]. Besides, imbalanced fertilization, especially of boron (B) also significantly contribute towards low yield and fiber quality \[[@pone.0231805.ref005], [@pone.0231805.ref006]\]. Boron deficiency is common in some cotton growing regions of the world, including Pakistan. Half of the cotton-growing region in Pakistan is B-deficient \[[@pone.0231805.ref007], [@pone.0231805.ref008]\]. Moreover, B-deficiency is a common problem in tropical soils, which have low organic matter and clay contents \[[@pone.0231805.ref009]\]. The low organic matter and clay contents result in B from the soil profile; thu, creating its deficiency in such soils \[[@pone.0231805.ref010], [@pone.0231805.ref011]\]. Boron is a micronutrient and has a narrow range between deficiency and toxicity. Therefore, balanced B application needs more consideration as a slight change in this range may reduce cotton yield and fiber traits \[[@pone.0231805.ref012]\]. Nonetheless, lowering B-deficiency is difficult task due to its low mobility in phloem vessels \[[@pone.0231805.ref013], [@pone.0231805.ref014]\].

The movement of photosynthate and carbohydrates from leaves to fruits is reduced due to B-deficiency \[[@pone.0231805.ref014]\]. Furthermore, B-deficiency increases squares and bolls shedding at maturity, finally decreasing productivity and fiber quality \[[@pone.0231805.ref015]\]. Since B plays key role in cotton growth and have lower mobility, it must be supplied throughout the life cycle. Moreover, B-deficiency for a short period during fertilization disturbs the reproductive structures \[[@pone.0231805.ref016], [@pone.0231805.ref017]\]. Bolls' retention depends on carbohydrates concentration in the plant, which is mainly influenced by photoassimilate translocation from leaves to fruits. However, carbohydrates concentration is decreased under B-deficiency resulting in boll shedding \[[@pone.0231805.ref007]\]. Boron has essential role in cotton growth as it is involved in various metabolic functions such as sugar transport and respiration, formation of flowers and seed production \[[@pone.0231805.ref018]\], cell wall formation \[[@pone.0231805.ref019]\], cell division and elongation \[[@pone.0231805.ref017], [@pone.0231805.ref020]\], membrane stability \[[@pone.0231805.ref007]\], carbohydrate metabolism and transport \[[@pone.0231805.ref014], [@pone.0231805.ref021]\] uptake of Ca^2+^, hormone activation, root development and water translocation \[[@pone.0231805.ref022]--[@pone.0231805.ref024]\]. However, non-judicious B application without any soil test can lead to toxicity \[[@pone.0231805.ref025]\], which disturbs various physiological processes such as reduction in chlorophyll contents and photosynthesis, lower cell division in root portion and lignin contents \[[@pone.0231805.ref026]\]. Boron uptake and transport in the new developing tissues depends on the transpiration stream, which may be reduced due to low evaporation rate and stomatal conductance in tropical regions. However, there are some contradictory findings about B mobility within cotton plants \[[@pone.0231805.ref027]\].

Low B-mobility may cause deficiency for short period of time in cotton, although B is present in the soil solution in excess amount. Nonetheless, B-deficiency inhibits root elongation \[[@pone.0231805.ref028]\], which retards leaf growth and development \[[@pone.0231805.ref029]\]. It has been reported that B-deficiency produced nonstructural carbohydrates in cotton leaf, which reduce photosynthate flow from leaves, decreasing intercellular CO~2~ concentration in plants \[[@pone.0231805.ref007]\]. Due to narrow range of B concentration, plant analysis is not a helpful technique for estimating B nutritional status. Moreover, the mechanisms of B-toxicity in plants are not well understood \[[@pone.0231805.ref030], [@pone.0231805.ref031]\].

Different cotton cultivars give varying response to B application, although old cultivars exhibited no differences \[[@pone.0231805.ref032]\]. These variation are only observed in newly developed cultivars \[[@pone.0231805.ref027]\], which might be attributed to differential abilities these cultivars for carbohydrate transport, use and storage of B and related mechanisms \[[@pone.0231805.ref013]\]. Cotton plants require high B compared to other crop plants \[[@pone.0231805.ref014]\]. Cotton requires \~340 g ha^-1^ B, \~12% of which is accumulated in seed-cotton \[[@pone.0231805.ref033]\]. Therefore, its slight excess application can be risky and could deteriorate fiber quality \[[@pone.0231805.ref034]\]. Furthermore, cotton responds differently to B application on various soil types, i.e., calcareous saline, where B availability is affected \[[@pone.0231805.ref035]\]. The information relating to the response of some newly developed cotton cultivars in Pakistan to B application in calcareous saline soils is limited. Optimizing the soil applied B dose could help to improve the cotton productivity on calcareous saline soils. The present study was conducted to infer the response of two newly developed cotton cultivars to soil applied B at difference doses on hyperthermic, sodic haplocambids, haplic Yermosols of cotton belt in Pakistan. It was hypothesized that; i) the cotton cultivars will show varying response to soil applied B, ii) the growth, yield and fiber quality will be improved with increasing B dose and iii) the higher B dose will prove toxic to the cotton plants. The results will help to achieve higher productivity and fiber quality of cotton grown on calcareous saline soils in Pakistan.

Materials and methods {#sec002}
=====================

Experimental site description {#sec003}
-----------------------------

The experiment was conducted in wire-house of Bahauddin Zakariya University, Multan (30.10 ^o^N, 71.25 ^o^E and 128.3 m altitude above sea level) during cotton growing season, 2018. Earthen pots (25 × 40 cm^2^) were used in the study, which were filled with 20 kg soil having bulk density of \~1.04 mg m^-3^ and covered with polyethylene sheet \[[@pone.0231805.ref036]\]. Soil was air-dried, crushed and pass through 2 mm sieve for physico-chemical analysis prior to initiate the experiment. Soil was weighed and pots were filled 7 days before of sowing \[[@pone.0231805.ref037]\]. Hydrometer techniques was used for determination of soil textural class. The experimental soil was silty-clay-loam and belonged to Sindhalianwali soil series. The soil was hyperthermic, sodic haplocambids/Haplic Yermosols according to USDA and FAO classification, respectively. Soil pH and EC were measured by pH meter (Beckman 45 Modal, US) and EC meter (VWR Conductivity Meter DIG2052). The soil pH and EC were 8.3 and 12 dS m^-1^, respectively. Soil organic matter content was 0.78%, while total N 0.035%, NaHCO~3~-DTPA available-P 7.65 mg kg^-1^ and NH~4~OAc-extractable-K was 162 mg kg^-1^. Soil analysis indicated that the experimental soil was B-deficient (0.43 mg kg^-1^). The weather data collected during the crop growth period is summarized in [Fig 1](#pone.0231805.g001){ref-type="fig"}.

![Meteorological data recorded at Bahauddin Zakariya University, Multan during experimental period.](pone.0231805.g001){#pone.0231805.g001}

Experimental details {#sec004}
--------------------

The experiment was laid out according to completely randomized design (CRD) with factorial arrangement. Cotton cultivars (CIM-616 and CIM-600) were the main plots, whereas B doses (0, 2.6, 5.52, 7.78 and 10.04 mg kg^-1^ soil) were regarded as sub-factor. Each treatment had five replications. Borax (Na~2~B~4~O~7~.10H~2~O) (11.34% B) was used as B source. A total 10 delinted cotton seeds of each cultivar were sown in each pot on 1^st^ May, 2018 and thinned to five at 15 days after sowing (DAS). Plant available water contents were maintained \~70% in the pots due to coarse soil texture. Tensiometer (Model RM 627) was used to maintain the available water contents in the pots. Recommended doses of Nitrogen, Phosphorus and Potassium, i.e., 200, 100 and 70 kg ha^-1^ were uniformly mixed thoroughly into the soil. Plants were monitored regularly and kept free from insect-pests through application of suitable pesticide sprays. All the inputs except B were uniform for all experimental units during the whole period of the study.

Data collection {#sec005}
---------------

Growth, yield and related attributes, physiological traits, B uptake by roots, seed, leaves and stalk and fiber quality traits were recorded after the harvesting of plants. Five plants were randomly selected from each experimental unit and their height (cm) was measured at maturity with the help of meter rod. Leaf area of selected plants were determined with a leaf area meter (LI-3100, LI-COR, Lincoln, NE). Number of bolls per plant, boll size and weight were recorded from the same plants at maturity. The seed-cotton was manually picked and seed cotton yield (g) was recorded by weighing seed cotton from each boll separately on an electrical balance. Photosynthesis rate was recorded with Li-6400XT Photosynthesis System (LI-COR Biosciences, Lincoln, NE, USA). The conditions during photosynthesis measurements were; PPFD 1200 μmol m^-2^ s^-1^ at the leaf level, 28°C temperature, 60% relative humidity, 400 μmol mol^-1^ CO~2~ concentration and 300 mol^-1^ gas flow rate. Stomatal conductance and transpiration rate of uppermost fully-expanded leaves were taken at 11:00 h with a portable photosynthesis system (LI-6200, LI-COR, Inc., Lincoln, NE). Water use efficiency was determined by dividing photosynthesis rate with transpiration rate. The plants were uprooted carefully at maturity and divided into roots, stalks, leaves and seed after removing lint. These plant parts were washed with de-ionized water and dried in a thermo-ventilated oven at 65 ± 5°C up to constant weight. The dried material was ground in a John Wiley mill and passed through a 40 mesh screen. The ground material was dry-ashed at 550°C for 6 h in a muffle furnace. Then the ash was digested in 0.36 N H~2~SO~4~ \[[@pone.0231805.ref038]\] and B concentration was determined by spectrophotometer at 420 nm wavelength using azomethine-H method \[[@pone.0231805.ref039]\]. The seed-cotton was separated into seed and lint using single roller laboratory gin and ginning out turn (GOT) was calculated. Fiber quality traits, i.e., fiber length, fiber fineness and fiber strength were analyzed on High Volume Instrument (HVI), manufactured by M/S Zellwegar Uster Ltd., Switzerland. The instrument was calibrated as per instruction manual \[[@pone.0231805.ref040]\] followed by the standard procedures \[[@pone.0231805.ref041]\].

Statistical analysis {#sec006}
--------------------

The collected data were tested for normality by Shapiro-Wilk normality test, which indicated a normal distribution. Therefore, the analysis was performed on original data. Two-way Analysis of Variance (ANOVA) technique was used to test the significance in the dataset \[[@pone.0231805.ref042]\]. SAS software (Version 9.1; SAS Institute, Cary, NC, USA) \[[@pone.0231805.ref042]\] was used to perform ANOVA. Duncan's multiple range test at 5% probability level was used to separate the means where ANOVA indicated significant differences \[[@pone.0231805.ref043]\].

Results {#sec007}
=======

Plant height was significantly influenced by different cultivars (*F* = 331.42, *p* = 0.000), B doses *F* = 3965.50, *p* = 0.000) and their interaction (*F* = 12.19, *p* = 0.0001) ([Table 1](#pone.0231805.t001){ref-type="table"}). The cultivar CIM-600 with 2.6 mg kg^-1^ B had 12% higher plant height than CIM-616 with 10.04 mg kg^-1^ B and other treatments ([Table 2](#pone.0231805.t002){ref-type="table"}). Leaf area was significantly influenced by cultivars (*F* = 135.61, *p* = 0.000), B doses (*F* = 155.51, *p* = 0.000) and their interaction (*F* = 3.62, *p* = 0.024) ([Table 1](#pone.0231805.t001){ref-type="table"}). The cultivar CIM-600 with 2.6 mg kg^-1^ B had higher leaf area than CIM-616 grown with different B doses ([Table 2](#pone.0231805.t002){ref-type="table"}). The cultivars (*F* = 2936.27, *p* = 0.000), B doses (4*F* = 2659.35, *p* = 0.000) and their interaction (*F* = 28.05, *p* = 0.000) had significant effect on number of bolls per plant ([Table 1](#pone.0231805.t001){ref-type="table"}). Cultivar CIM-600 with 2.6 mg kg^-1^ B produced 48% higher number of bolls per plant than CIM-616 with no B application ([Table 2](#pone.0231805.t002){ref-type="table"}). Boll size was significantly altered by cultivars (*F* = 71.43, *p* = 0.000), B doses (*F* = 99.73, *p* = 0.000) and their interaction (*F* = 3.85, *p* = 0.0197) ([Table 1](#pone.0231805.t001){ref-type="table"}). The cultivar CIM-600 with 2.6 mg kg^-1^ B produced 59% bigger boll than CIM-616 with control treatment ([Table 2](#pone.0231805.t002){ref-type="table"}). Boll weight was significantly influenced by cultivars (*F* = 48.97, *p* = 0.000), B doses (*F* = 214.58, *p* = 0.000) and their interaction (*F* = 4.57, *p* = 0.010) ([Table 1](#pone.0231805.t001){ref-type="table"}). Soil applied 2.6 mg kg^-1^ B resulted in 52% heavier bolls of cultivars CIM-600 and CIM-616 compared with 10.04 mg kg^-1^ B application. The cultivars (*F* = 10.33, *p* = 0.004), B doses (*F* = 12695.1, *p* = 0.000) and their interaction (4 *F* = 33.56, *p* = 0.000 had significant effect on seed-cotton yield per plant ([Table 1](#pone.0231805.t001){ref-type="table"}). Like all growth traits, CIM-600 with 2.6 mg kg^-1^ B produced 52% higher seed-cotton yield than with control treatment of the study ([Table 2](#pone.0231805.t002){ref-type="table"}).

10.1371/journal.pone.0231805.t001

###### Analysis of variance of different soil applied boron doses on plant height, leaf area, number of bolls per plant, boll size and weight, and seed-cotton yield of cotton cultivars.

![](pone.0231805.t001){#pone.0231805.t001g}

  SOV                   DF   Plant height                                     Leaf area   Bolls per plant                                 Boll size   Boll weight                                      Seed-cotton yield                                                                                                                                                                     
  --------------------- ---- ------------------------------------------------ ----------- ----------------------------------------------- ----------- ------------------------------------------------ ------------------- ----------------------------------------------- ------- ----------------------------------------------- -------- ------------------------------------------------ ---------
  **Cultivar**          1    7.5000[\*\*](#t001fn003){ref-type="table-fn"}    331.42      8.5333[\*\*](#t001fn003){ref-type="table-fn"}   135.61      106.032[\*\*](#t001fn003){ref-type="table-fn"}   2936.27             2.2963[\*\*](#t001fn003){ref-type="table-fn"}   71.43   1.0083[\*\*](#t001fn003){ref-type="table-fn"}   48.97    53.1[\*\*](#t001fn003){ref-type="table-fn"}      10.33
  **Boron doses (B)**   4    89.7378[\*\*](#t001fn003){ref-type="table-fn"}   3965.50     9.7855[\*\*](#t001fn003){ref-type="table-fn"}   155.51      96.032[\*\*](#t001fn003){ref-type="table-fn"}    2659.35             3.2061[\*\*](#t001fn003){ref-type="table-fn"}   99.73   4.4188[\*\*](#t001fn003){ref-type="table-fn"}   214.58   65309.5[\*\*](#t001fn003){ref-type="table-fn"}   12695.1
  **C × B**             4    0.2758[\*\*](#t001fn003){ref-type="table-fn"}    12.19       0.2275[\*](#t001fn002){ref-type="table-fn"}     3.62        1.013[\*\*](#t001fn003){ref-type="table-fn"}     28.05               0.1238[\*](#t001fn002){ref-type="table-fn"}     3.85    0.0941[\*](#t001fn002){ref-type="table-fn"}     4.57     172.6[\*\*](#t001fn003){ref-type="table-fn"}     33.56

DF = degree of freedom, F = F value, MS = mean squares

\* = significant

\*\* = highly Significant.

10.1371/journal.pone.0231805.t002

###### Influence of different soil applied boron doses on plant height, leaf area, number of bolls per plant, boll size and weight, and seed-cotton yield of cotton cultivars.

![](pone.0231805.t002){#pone.0231805.t002g}

  B doses (mg kg^-1^)   Plant height (cm)   Leaf area (cm)   Bolls plant^-1^   Boll size (cm)   Boll weight (g)   Seed-cotton yield (g plant^-1^)                                                      
  --------------------- ------------------- ---------------- ----------------- ---------------- ----------------- --------------------------------- --------- --------- --------- --------- ---------- ----------
  **0.0**               86.8 d              87.7 c           143.6 f           144.2 ef         15 i              18 g                              1.8 f     2.3 def   2.07 e    2.83 cd   220.25 g   225.54 g
  **2.6**               90.7 b              91.3 a           146.5 b           147.6 a          24 c              29 a                              3.4 b     4.4 a     4.30 a    4.50 a    448.90 b   460.52 a
  **5.52**              86.4 d              88.1 c           144.5 de          145.6 c          23 d              26 b                              3.1 bc    3.5 b     3.20 bc   3.50 b    418.19 c   426.92 c
  **7.78**              83.3 f              84.2 e           143.5 f           145.2 cd         21 e              24 c                              2.6 cde   2.8 cd    2.73 d    3.16 bc   308.12 e   322.45 d
  **10.04**             80.4 h              81.3 g           143.7 f           144.6 de         17 h              21 e                              2.1 ef    2.7 cd    2.16 e    2.30 e    238.42 f   245.58 f
  **LSD 5%**            **0.47**            **0.77**         **0.59**          **0.56**         **0.45**          **6.33**                                                                             

Means sharing similar letters within a column or a row are statistically non-significant (p \> 0.05).

Different cotton cultivars (*F* = 216690, *p* = 0.000), B doses (*F* = 1262104, *p* = 0.000) and their interaction (*F* = 28309, *p* = 0.0000) was significantly influenced photosynthesis rate ([Table 3](#pone.0231805.t003){ref-type="table"}). The cultivar CIM-600 with 2.6 mg kg^-1^ B had 50% higher photosynthesis rate than cultivar CIM-616 with control and other treatments ([Table 4](#pone.0231805.t004){ref-type="table"}). Transpiration rate was significantly altered by cotton cultivars (*F* = 404.83, *p* = 0.004), B doses (*F* = 15955.2, *p* = 0.000) and their interaction (*F* = 82.56, *p* = 0.000) ([Table 3](#pone.0231805.t003){ref-type="table"}). Transpiration rate of CIM-600 with 2.6 mg kg^-1^ B was 10% higher than CIM-616 with control and other treatments. The cultivars (*F* = 6.1000, *p* = 0.000), B doses (*F* = 1.3000, *p* = 0.000) and their interaction (*F* = 8.500, *p* = 0.000) had significant impact on stomatal conductance ([Table 3](#pone.0231805.t003){ref-type="table"}). Both tested cultivars had 37% higher stomatal conductance with 2.6 mg kg^-1^ B compared with the control treatment ([Table 4](#pone.0231805.t004){ref-type="table"}). Water use efficiency was significantly influenced by cultivars (*F* = 2306.12, *p* = 0.000), B doses (*F* = 9911.91, *p* = 0.000) and their interaction (*F* = 314.21, *p* = 0.000) ([Table 3](#pone.0231805.t003){ref-type="table"}). The cultivar CIM-600 with 2.6 mg kg^-1^ B had 44% higher water use efficiency than CIM-616 with no B application ([Table 4](#pone.0231805.t004){ref-type="table"}).

10.1371/journal.pone.0231805.t003

###### Analysis of variance of soil applied boron doses on photosynthesis, transpiration rate, stomatal conductance and water use efficiency of cotton cultivars.

![](pone.0231805.t003){#pone.0231805.t003g}

  SOV                   DF   Photosynthesis (μmol CO^2^ m^-2^ s^-1^)          Transpiration rate (mmol m^-2^ s^-1^)   Stomatal conductance (μmol m^-2^ s^-1^)         Water use efficiency (μmol CO~2~ mol^-1^ H~2~O day^-1^ m^-2^)                                                                                                             
  --------------------- ---- ------------------------------------------------ --------------------------------------- ----------------------------------------------- --------------------------------------------------------------- ------------------------------------------------ -------- ----------------------------------------------- ---------
  **Cultivars (C)**     1    2.8892[\*\*](#t003fn003){ref-type="table-fn"}    216690                                  0.0403[\*\*](#t003fn003){ref-type="table-fn"}   404.83                                                          0.0086[\*\*](#t003fn003){ref-type="table-fn"}    610000   0.0145[\*\*](#t003fn003){ref-type="table-fn"}   2306.12
  **Boron doses (B)**   4    16.8281[\*\*](#t003fn003){ref-type="table-fn"}   1262104                                 1.5896[\*\*](#t003fn003){ref-type="table-fn"}   15955.2                                                         1.9482[\*\*](#t003fn003){ref-type="table-fn"}    130000   0.0624[\*\*](#t003fn003){ref-type="table-fn"}   9911.91
  **C × B**             4    0.3774[\*\*](#t003fn003){ref-type="table-fn"}    28309.0                                 0.0082[\*\*](#t003fn003){ref-type="table-fn"}   82.56                                                           0.00001[\*\*](#t003fn003){ref-type="table-fn"}   850000   0.0019[\*\*](#t003fn003){ref-type="table-fn"}   314.21

DF = degree of freedom, MS = mean squares

\* = significant

\*\* = highly Significant.

10.1371/journal.pone.0231805.t004

###### Influence of soil applied boron doses on photosynthesis, transpiration rate, stomatal conductance and water use efficiency of cotton cultivars.

![](pone.0231805.t004){#pone.0231805.t004g}

  B doses (mg kg^-1^) B kg^-1^ soil)   Photosynthesis (μmol CO^2^ m^-2^ s^-1^)   Transpiration rate (mmol m^-2^ s^-1^)   Stomatal conductance (μmol m^-2^ s^-1^)   Water use efficiency (μmol CO~2~ mol^-1^ H~2~O day^-1^ m^-2^)                              
  ------------------------------------ ----------------------------------------- --------------------------------------- ----------------------------------------- --------------------------------------------------------------- -------- -------- -------- ---------
  **0.0**                              5.01 j                                    5.42 i                                  13.20 h                                   13.40 g                                                         2.36 e   2.40 e   0.38 h   0.40 g
  **2.6**                              9.12 b                                    9.92 a                                  14.61 b                                   14.68 a                                                         3.74 a   3.77 a   0.62 b   0.68 a
  **5.52**                             7.92 d                                    8.32 c                                  13.92 d                                   13.97 c                                                         3.60 b   3.62 b   0.57 d   0.59 c
  **7.78**                             6.42 f                                    7.82 e                                  13.78 e                                   13.81 e                                                         2.91 c   2.95 c   0.47 e   0.57 d
  **10.04**                            6.12 h                                    6.22 g                                  13.50 f                                   13.52 f                                                         2.83 d   2.87 d   0.45 f   0.46 ef
  **LSD 5%**                           **0.01**                                  **0.02**                                **0.05**                                  **0.01**                                                                                   

Means sharing similar letters within a column or a row are statistically non-significant (p \> 0.05).

The cultivars (*F* = 64992.5, *p* = 0.000), B doses (*F* = 3565333, *p* = 0.000) and their interaction (*F* = 585.09, *p* = 0.000) had significant effect on B uptake by roots ([Table 5](#pone.0231805.t005){ref-type="table"}). The cultivar CIM-600 with 10.04 mg kg^-1^ B accumulated 76% higher B in roots than CIM-616 with control treatment ([Table 6](#pone.0231805.t006){ref-type="table"}). Similarly, different cotton cultivars (*F* = 1.6000, *p* = 0.000), B doses (*F* = 6.8000, *p* = 0.000) and their interaction (*F* = 2.000, *p* = 0.000) significantly altered B accumulation in seed-cotton ([Table 5](#pone.0231805.t005){ref-type="table"}). The cultivar CIM-600 with 10.04 mg kg^-1^ B accrued 41% higher B in seed-cotton than CIM-616 with control ([Table 6](#pone.0231805.t006){ref-type="table"}). Likewise, B accumulation in leaves was significantly altered by cotton cultivars (*F* = 524172, *p* = 0.000), B doses (*F* = 3.3000, *p* = 0.000) and their interaction (*F* = 134504, *p* = 0.000) ([Table 5](#pone.0231805.t005){ref-type="table"}). Soil applied 10.04 mg kg^-1^ B resulted 86% higher B accumulation in leaves of CIM-600 than CIM-616 with no B application ([Table 6](#pone.0231805.t006){ref-type="table"}). Similarly, B accrual in stalks was significantly influenced by tested cultivars (*F* = 157977, *p* = 0.000), B doses (*F* = 9338006, *p* = 0.000) and their interaction (*F* = 1599.28, *p* = 0.000) ([Table 5](#pone.0231805.t005){ref-type="table"}). Cultivar CIM-600 with 10.04 mg kg^-1^ B accumulated 70% higher B in stalk than CIM-616 with control treatment ([Table 5](#pone.0231805.t005){ref-type="table"}).

10.1371/journal.pone.0231805.t005

###### Analysis of variance of different soil applied boron doses on boron uptake by roots, seed, leaves and stalk of cotton cultivars.

![](pone.0231805.t005){#pone.0231805.t005g}

  SOV                   DF   Boron uptake by roots (mg kg^-1^)                Boron uptake by seeds cotton (mg kg^-1^)   Boron uptake by leaves (mg kg^-1^)              Boron uptake by stalk (mg kg^-1^)                                                                                                              
  --------------------- ---- ------------------------------------------------ ------------------------------------------ ----------------------------------------------- ----------------------------------- ------------------------------------------------ -------- ------------------------------------------------ ---------
  **Cultivars (C)**     1    18.4868[\*\*](#t005fn002){ref-type="table-fn"}   64992.5                                    0.0120[\*\*](#t005fn002){ref-type="table-fn"}   160000                              83.8675[\*\*](#t005fn002){ref-type="table-fn"}   524172   40.0208[\*\*](#t005fn002){ref-type="table-fn"}   157977
  **Boron doses (B)**   4    1014.14[\*\*](#t005fn002){ref-type="table-fn"}   3565333                                    0.5065[\*\*](#t005fn002){ref-type="table-fn"}   680000                              53409.8[\*\*](#t005fn002){ref-type="table-fn"}   330000   2365.63[\*\*](#t005fn002){ref-type="table-fn"}   9338006
  **C × B**             4    0.1664[\*\*](#t005fn002){ref-type="table-fn"}    585.09                                     0.0001[\*\*](#t005fn002){ref-type="table-fn"}   200000                              21.5206[\*\*](#t005fn002){ref-type="table-fn"}   134504   0.4051[\*\*](#t005fn002){ref-type="table-fn"}    1599.28

DF = degree of freedom, MS = mean squares, \* = significant

\*\* = highly Significant.

10.1371/journal.pone.0231805.t006

###### Influence of different soil applied boron doses on boron uptake by roots, seed, leaves and stalk of cotton cultivars.

![](pone.0231805.t006){#pone.0231805.t006g}

  Boron uptake (mg kg^-1^)                                                                                  
  -------------------------- ----------- ----------- ----------- ---------- ---------- ---------- --------- ---------
  **0.0**                    10.75 j     12.08 i     1.12 j      1.16 i     37.78 j    38.12 i    21.85 j   24.20 i
  **2.6**                    28.72 h     30.25 g     1.32 h      1.35 g     93.81 h    95.45 g    39.58 h   41.12 g
  **5.52**                   35.74 f     37.12 e     1.43 f      1.48 e     192.81 f   196.87 e   58.34 f   61.12 e
  **7.78**                   39.67 d     41.82 c     1.65 d      1.70 c     212.78 d   222.42 c   64.78 d   66.88 c
  **10.04**                  43.56 b     45.02 a     1.87 b      1.90 a     268.78 b   269.82 a   69.34 b   72.12 a
  **LSD 5%**                 **0.005**   **0.003**   **0.003**   **0.04**                                   

Means sharing similar letters within a column or a row are statistically non-significant (p \> 0.05).

The GOT was significantly affected by cultivars (*F* = 129.94, *p* = 0.000), B doses (*F* = 258.92, *p* = 0.000) and their interaction (*F* = 3.43, *p* = 0.0297) ([Table 7](#pone.0231805.t007){ref-type="table"}). The cultivar CIM-600 with 2.6 mg kg^-1^ B resulted in 7.23% higher GOT than CIM-616 with control ([Table 8](#pone.0231805.t008){ref-type="table"}). Staple length was significantly altered by tested cultivars (*F* = 681.21, *p* = 0.000), B doses (*F* = 35.75, *p* = 0.000) and their interaction (*F* = 1.03, *p* = 0.4164) ([Table 7](#pone.0231805.t007){ref-type="table"}). Soil applied 2.6 mg kg^-1^ B resulted in 3.5% more staple length than control. Overall, the cultivar CIM-600 had 5.4% higher staple length than CIM-616 ([Table 8](#pone.0231805.t008){ref-type="table"}). The cultivars (*F* = 81.73, *p* = 0.000), B doses (*F* = 14.89, *p* = 0.000) and their interaction (*F* = 2.24, *p* = 0.1056) had significant effect on fiber fineness ([Table 7](#pone.0231805.t007){ref-type="table"}). The 2.6 and 5.52 mg kg^-1^ B application resulted in 17% higher staple length than control. The cultivar CIM-600 produced 15.5% higher fiber fineness than CIM-616 ([Table 8](#pone.0231805.t008){ref-type="table"}). Fiber strength was significantly influenced by the cultivars (*F* = 42.62, *p* = 0.000), B doses (*F* = 36.12, *p* = 0.000), while their interaction (*F* = 0.24, *p* = 0.9093) was non-significant ([Table 7](#pone.0231805.t007){ref-type="table"}). Boron concentration of 2.6 mg kg^-1^ resulted in 5% higher fiber strength than control ([Table 8](#pone.0231805.t008){ref-type="table"}).

10.1371/journal.pone.0231805.t007

###### Analysis of variance of different soil applied boron doses on ginning out turn, staple length, fiber fineness and fiber strength of cotton cultivars.

![](pone.0231805.t007){#pone.0231805.t007g}

  SOV                   DF   GOT (%)                                         Staple length (mm)   Fiber Fineness (μg inch^-1^)                    Fiber Strength (G tex^-1^)                                                                                                           
  --------------------- ---- ----------------------------------------------- -------------------- ----------------------------------------------- ---------------------------- ----------------------------------------------- ------- ----------------------------------------------- -------
  **Cultivars (C)**     1    2.9453[\*\*](#t007fn003){ref-type="table-fn"}   129.94               19.200[\*\*](#t007fn003){ref-type="table-fn"}   681.21                       3.6053[\*\*](#t007fn003){ref-type="table-fn"}   81.73   1.9763[\*\*](#t007fn003){ref-type="table-fn"}   42.62
  **Boron doses (B)**   4    5.8688[\*\*](#t007fn003){ref-type="table-fn"}   258.92               1.0075[\*\*](#t007fn003){ref-type="table-fn"}   35.75                        0.6570[\*\*](#t007fn003){ref-type="table-fn"}   14.89   1.6746[\*\*](#t007fn003){ref-type="table-fn"}   36.12
  **C × B**             4    0.0778[\*](#t007fn002){ref-type="table-fn"}     3.43                 0.0292[^NS^](#t007fn004){ref-type="table-fn"}   1.03                         0.0986^NS^                                      2.24    0.0113^NS^                                      0.24

DF = degree of freedom, MS = mean squares

\* = significant

\*\* = highly Significant

^NS^ = Non-significant, GOT = ginning out turn.

10.1371/journal.pone.0231805.t008

###### Influence of different soil applied boron doses on ginning out turn, staple length, fiber fineness and fiber strength of cotton cultivars.

![](pone.0231805.t008){#pone.0231805.t008g}

  B doses(mg kg^-1^)   [\*](#t008fn002){ref-type="table-fn"}GOT (%)   Staple length (mm)                  Fiber Fineness (μg inch^-1^)        Fiber Strength (G tex^-1^)                                                                                                 
  -------------------- ---------------------------------------------- ----------------------------------- ----------------------------------- ------------------------------------ ------------- ---------- ------------ ------------ -------- ------------ ------------ ---------
  **0.0**              39.73 e                                        40.40 cd                            40.06 D                             27.73                                29.16         28.45 D    3.40         4.16         3.78 B   27.16        27.73        27.45 C
  **2.6**              42.50 a                                        42.83 a                             42.66 A                             28.60                                30.40         29.50 A    4.40         4.70         4.55 A   28.60        29.16        28.88 A
  **5.52**             40.83 c                                        41.73 b                             41.28 B                             28.30                                29.83         29.06 B    4.06         4.70         4.38 A   28.20        28.70        28.45 B
  **7.78**             40.73 c                                        41.50 b                             41.11 B                             28.03                                29.70         28.86B C   3.50         4.50         4.00 B   28.20        28.56        28.38 B
  **10.04**            40.26 d                                        40.73 c                             40.50 C                             27.83                                29.16         28.61 CD   3.50         4.26         3.88 B   27.83        28.40        28.11 B
  **Means**            **40.81 B**                                    **41.44 A**                                                             **28.10 B**                          **29.70 A**              **3.77 B**   **4.46 A**            **28.00B**   **28.51A**   
  **LSD 5%**           **C = 0.05, B = 0.28, C × B = NS**             **C = 0.08, B = 0.31, C × B: NS**   **C = 0.23, B = 0.38, C × B: NS**   **C = 0.20, B = 0.39, C × B = NS**                                                                                         

Means sharing similar letters within a column or a row are statistically non-significant (p \> 0.05)

\*GOT = Ginning out turn

^NS^ = Non-significant.

Discussion {#sec008}
==========

Soil applied B significantly affected yield, fiber traits and B accumulation. Boron is the most deficient essential micronutrient \[[@pone.0231805.ref009]\] and its deficiency is common in tropical soils having low organic matter and/or clay content \[[@pone.0231805.ref009]\]. Significant improvement (11.1%) in plant height were noted with 2.6 mg B kg^-1^ ([Table 2](#pone.0231805.t002){ref-type="table"}).This indicates that 2.6 mg kg^-1^ B might be an appropriate dose, which helped the plants to improve numerous physiological, biochemical, metabolic and enzymatic activities \[[@pone.0231805.ref044]\]. The decreased plant height in control treatment might be attributed to disturbed and weak physiological and growth parameters \[[@pone.0231805.ref045]\]. Our results corroborate the findings of Ahmed et al. \[[@pone.0231805.ref008]\] that increase in plant height was due to increase in distance between nodes and internodes of the main stem. The B-deficiency may inhibit the petiole and peduncle cell development and reduces growth \[[@pone.0231805.ref046]\]. Moreover, lower plant height at 5.52, 7.78 and 10.04 mg kg^-1^ B doses might be due to its narrow range between deficiency and toxicity, which may damage the plant structure and limit cotton growth without any visible symptoms \[[@pone.0231805.ref012], [@pone.0231805.ref027]\]. The increased leaf area with 2.6 mg kg^-1^ B ([Table 2](#pone.0231805.t002){ref-type="table"}) might be due to B accumulation in leaves. This improvement is owed to improved macronutrient uptake with optimum B application \[[@pone.0231805.ref047]\]. The B-deficiency severely declines various physiological and growth parameters like leaf area and seed-cotton yield \[[@pone.0231805.ref045]\]. Nonetheless, B-insufficiency results in growth impairments and reduced yield \[[@pone.0231805.ref007]\]. Similar results were found in this study where cotton crop showed significant improvement in crop growth in response to B application than control treatment ([Table 2](#pone.0231805.t002){ref-type="table"}). Soil application of 2.6 mg kg^-1^ B improved yield and related traits ([Table 2](#pone.0231805.t002){ref-type="table"}). This can be attributed to better assimilate translocation from roots to leaves, which promoted enzyme activities for fertilization and ovule development leading to more retention of fruiting bodies \[[@pone.0231805.ref048]\]. Higher number of bolls per plant, and boll size and weight might be due to increased sugar translocation, membrane permeability, photosynthetic rate and migration of photosynthate from source to sink. Brown et al. \[[@pone.0231805.ref019]\] concluded that enhanced B supply promotes flower and seed development, which increases the number of bolls and boll weight. Shah et al. \[[@pone.0231805.ref049]\] concluded that adequate B supply enhanced the growth and development of cotton genotypes. The lowest number of bolls per plant, and boll size and weight were recorded with no B application. This could be explained with decreased lignin, pectin, cellulose and hemicellulose concentration that shed square and bolls \[[@pone.0231805.ref014], [@pone.0231805.ref017], [@pone.0231805.ref050]\]. Our findings are further supported by earlier results \[[@pone.0231805.ref006], [@pone.0231805.ref051]\] indicating that B-deficiency causes significant squares and bolls shedding. Boron concentration of 5.52, 7.78 and 10.04 mg kg^-1^ showed 27%, 38.5% and 49% lower number of bolls per plant. This supports our hypothesis that increasing B doses proved toxic for cotton growth due to higher than optimum doses. Several studies have reported that B toxicity limits cotton growth without any visible physiological and morphological symptoms \[[@pone.0231805.ref012], [@pone.0231805.ref027]\]. Seed cotton yield is increased with the increasing boll size and weight, and B uptake and use efficiency \[[@pone.0231805.ref007], [@pone.0231805.ref052]\]. The seed-cotton yield was 50% lower in the plants grown without B application ([Table 2](#pone.0231805.t002){ref-type="table"}), which is attributed to lower number of bolls per plant due to square and boll shedding \[[@pone.0231805.ref014], [@pone.0231805.ref017]\]. The B-deficiency impairs the formation of the peduncle vascular system, impairing carbohydrate transport to the ovary \[[@pone.0231805.ref017]\]; thus, leading to fruit shedding. Higher B concentration (\>2.6 mg kg^-1^) gave 46.8% lower seed-cotton yield per plant, which might be due to adverse effects of B on plant metabolic activities. Our results corroborate the findings of Sotiropoulos et al. \[[@pone.0231805.ref053]\] who concluded that high B doses poses adverse effects on plant metabolic activities, which are related to chlorosis and necrosis. Necrotic areas developed on leaves between veins and cause leaves' loss due to toxicity, which inhibits photosynthetic process and exerts negative impact on cotton growth \[[@pone.0231805.ref054], [@pone.0231805.ref055]\].

Soil applied 2.6 mg kg^-1^ B significantly improved generic indicators of cotton on calcareous soil ([Table 4](#pone.0231805.t004){ref-type="table"}). Photosynthesis was improved by 45.2% at 2.6 mg kg^-1^ B application ([Table 4](#pone.0231805.t004){ref-type="table"}), which might be due to enhanced net assimilation rates \[[@pone.0231805.ref055]\]. Significantly lower photosynthesis rate was possibly due to reduced chlorophyll biosynthesis in cotton \[[@pone.0231805.ref051]\]. Photosynthetic rate is lowered in plants under no B application \[[@pone.0231805.ref056]\], and similar findings were recorded in the current study. Moreover, vascular bundles are the main channel of material transport in plants, which may affect photosynthesis by affecting leaf area and altering blade components \[[@pone.0231805.ref019], [@pone.0231805.ref057]\]. The reduction in leaf area for photosynthesis is mainly responsible for the lower photosynthetic rate in cotton plants under B-deficiency. Additionally, it has also been reported that absence of B reduces photosynthetic efficiency by changing stomatal density and stomatal conductance to decrease CO~2~ conductivity \[[@pone.0231805.ref057]\]. Higher B rate (\>2.6 mg kg^-1^) resulted in 35.2% lower photosynthesis due to B toxicity and caused negative affect on photosynthetic rates and leaf chlorophyll contents \[[@pone.0231805.ref026]\]. Present study showed 9.2%, 36.7% and 40% lower transpiration rate, stomatal conductance and water use efficiency with no B application than 2.6 mg kg^-1^ B application. This could be due to formation of brown rings on petiole due to destruction of vascular bundles. Our results are in agreement with the findings of Li et al. \[[@pone.0231805.ref058]\]. The B insufficiency deformates the phloem sieve, which affects the transport of carbohydrates, water and nutrients resulting in reduced stomatal conductance and transpiration rate \[[@pone.0231805.ref059]\]. Significant reduction in transpiration rate and stomatal conductance with no B application reduced the water use efficiency ([Table 4](#pone.0231805.t004){ref-type="table"}). There is linear correlation between stomatal conductance and B application \[[@pone.0231805.ref060]\]. Boron application raised water use efficiency by 40% in application regime dependent manner compared to no B application. Earlier study reported that 2.6 mg kg^-1^ B application enhanced stomatal conductance and reduced intercellular CO~2~ concentration, resulting in significant increase in photosynthesis, transpiration rate, stomatal conductance and water use efficiency \[[@pone.0231805.ref057]\]. Plants undergo morphological changes, especially in the leaves during B-deficiency \[[@pone.0231805.ref017]\], with a decrease in the number and functioning of stomata \[[@pone.0231805.ref061]\], resulting in reduced transpiration rate.

The 74% lower B accumulation in roots with no B application was due to poor root growth \[[@pone.0231805.ref062]\]. The significant 73.7% accumulations in leaves than stalk might be low mobility of the nutrient in the cotton phloem \[[@pone.0231805.ref016]\], because leaves have a high transpiration rate, the main driving force of B transport within the plant \[[@pone.0231805.ref063]\]. The amount of B accumulated in the plant body increased exponentially with increasing B dose, as hypothesized. Lower B concentration in seeds compared than other plants parts might be due to poorly developed xylem connection \[[@pone.0231805.ref064]\]. Moreover, flowers and seeds may not be able to accumulate B directly from the soil because they do not transpire as much as leaves do \[[@pone.0231805.ref051], [@pone.0231805.ref065]--[@pone.0231805.ref066]\]. In present study, roots had lower B concentrations than leaves and stalk, which might be due to formation of necrotic problem on the root tips that causes root system dark, and completely inhibited root elongation. Treatment without B rapidly declined the expression of many genes in Arabidopsis roots \[[@pone.0231805.ref067]\]; hence, retarded root growth \[[@pone.0231805.ref068]\]. The partitioning of B in various plant tissues showed significant variations with increasing B level \[[@pone.0231805.ref069]\].

Different fiber quality traits of both cultivars were improved with soil applied B in calcareous soil ([Table 8](#pone.0231805.t008){ref-type="table"}). Maximum GOT, staple length, fiber fineness and strength were recorded with 2.6 mg kg^-1^ B ([Table 8](#pone.0231805.t008){ref-type="table"}). The results were confirmed by the findings of Ahmad et al. \[[@pone.0231805.ref013]\] who reported that B application enhanced GOT, staple length, fiber fineness and strength of cotton genotypes. The cultivar CIM-600 produced better quality fiber. Cultivars performed differently for fiber quality at different B levels, as hypothesized. Moreover, higher B concentration (\>2.6 mg kg^-1^) deteriorated fiber quality ([Table 8](#pone.0231805.t008){ref-type="table"}). Our results quite in line with the findings of Görmüs \[[@pone.0231805.ref070]\], who reported that fiber quality was positively affected by B application.

Conclusion {#sec009}
==========

Soil applied B at a rate of 2.6 mg kg^-1^ considerably improved the growth, yield and quality parameters. Different gas exchange parameters were also improved, which ultimately improved the performance of cotton in saline soil. From the tested cultivars, CIM-600 performed better than CIM-616. Among different B doses, 2.6 mg kg^-1^ remained superior to the rest of the treatments. Therefore, cultivar CIM-600 and 2.60 mg kg^-1^ soil B application is recommended for higher yield and productivity.
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